Averaging out magnetic forces with fast rf-sweeps in an optical trap for metastable 

chromium atoms. 
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We introduce a novel type of time-averaged trap, in which the internal state of the atoms is 
rapidly modulated to modify magnetic trapping potentials. In our experiment, fast radiofrequency 
(rf) linear sweeps flip the spin of atoms at a fast rate, which averages out magnetic forces. We use 
this procedure to optimize the accumulation of metastable chomium atoms into an optical dipole 
trap from a magneto-optical trap. The potential experienced by the metastable atoms is identical to 
the bare optical dipole potential, so that this procedure allows for trapping all magnetic sublevels, 
hence increasing by up to 80 percent the final number of accumulated atoms. 

PACS numbers: 32.80.Pj, 39.25.+k, 37.10. Gh 



In recent years, the use of radio-frequency (rf) fields 
in combination with magnetic static fields was suggested 
to engineer cold atoms traps with versatile shapes. The 
original idea [l[ is to use the avoided crossing due to 
the coupling of different magnetic states resonant at a 
given magnetic field for a given rf frequency to adiabat- 
ically deform a magnetic trap and enhance the trapping 
in one direction. O. Zobay and B. M. Garraway origi- 
nally suggested to prepare a 2D Bose-Einstein conden- 
sate; indeed Y. Colombe et al. confined ultra cold atoms 
in rf-induced 2D trapping potentials |2]. This scheme is 
promising, as Bose-Einstein Condensation in 2D is dif- 
ferent than in 3D: in 2D, superfluidity emerges through 
the Berezinskii-Kosterlitz-Thouless phase transition [3j. 
In the same spirit, rf adiabatic potentials were used to 
split quasi-lD BECs in a double- well Rf-induced adi- 
abatic potentials could also be used to create ring traps 
for ultra-cold atoms ||, or to build arrays of microtraps 
with lattice constants well below 1 fiin [6J. Thus, rf traps 
offer a relatively easy means to deform magnetic traps in 
a time-dependent way, with large versatility and flexibil- 
ity (see also Q). 

In this Letter, we introduce a new way of tailoring rf 
fields to modify magnetic trapping: we produce fast rf- 
sweeps to time-average magnetic forces, by forcing the 
atoms to oscillate between different magnetic sub-levels 
which experience different magnetic forces. In contrast 
to other time-averaged traps, such as TOP traps [8|, or 
the Paul trap where the spring constant of a poten- 
tial is modulated, here, it is the internal state of the 
atoms which is modulated in time. In our experiment, 
chromium atoms are trapped in a Magneto-Optical Trap 
(MOT). Atoms from the MOT are optically pumped into 
metastable dark states D, which are trapped by the com- 
bination of an optical trap (OT), and a magnetic trap 
due to the magnetic quadrupole field used to produce the 
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FIG. f : Absorption pictures of the atoms in the mixed trap: (1) 
without rf; (2) with rf. The sketch describes the principle of this ex- 
periment. MOT atoms decay into D states from the excited state. 
Two time-dependent adiabatic potentials of the D states are qualita- 
tively represented for three different times ti , t?, £3, and two magnetic 
numbers raj and — Tnj 



MOT [T(j- Along the longitudinal direction of the OT, 
the magnetic forces dominate the optical dipole forces, 
which, combined to the radial confinement of the OT, 
create a strongly confining potential in all directions. 
Because metastable chomium atoms have a large inelas- 
tic loss parameter ( ll|,[l2j]), this strong 3D confinement 
limits the number of atoms in the mixed trap [lfj . 

With the use of linear rf-sweeps described in this Let- 
ter, magnetic forces are averaged to zero, and the net 
trapping potential is identical to the one of a pure optical 
trap: atoms accumulate in an optical trap free of mag- 
netic forces, which considerably reduces the longitudinal 
confinement. This new strategy has various advantages: 
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(i) all magnetic sublevels are trapped; (ii) the volume of 
the trap is larger than the volume of the mixed magnetic 
plus dipole trap, which reduces the peak atom density 
for the same number of atoms, and therefore the effect 
of inelastic collisions; (iii) as the atoms directly accumu- 
late in the OT potential, the question of mode-matching 
the magnetic trap and the OT, which is usually diffi- 
cult, disappears, (iv) In addition, metastable atoms are 
completely decoupled from the MOT, as they experience 
neither the MOT light, nor the MOT magnetic gradient. 
In fact, as we will show below, we also can neglect colli- 
sions between metastable atoms and atoms in the MOT 
on the loading timescale. 

Here, we demonstrate that the use of fast rf-sweeps to 
time average magnetic forces to zero allows us to load up 
to 80 percent more atoms in the dipole trap than without 
these rf sweeps. We observe up to 2 10 6 chomium atoms 
loaded in about 100 ms, which should be a good starting 
point to produce a chromium BEC by forced evaporation. 
This experimental result is therefore an important step, 
given the interest of chomium atoms for the study of 
dipole-dipole interactions in quantum degenerate Bose 
[IH and Fermi gases. 



Our experimental set-up was already described in 14 1. 
We collect up to 4.10 6 chromium atoms in a magneto- 
optical trap, at a temperature of 120 /iK. Cold atoms 
slowly decay into metastable dark states. These remain 
trapped in the magnetic gradient used for the MOT, 
provided their magnetic number m is positive. This al- 
lows for the accumulation of large numbers of trapped 
chomium atoms, despite a very large light-assisted colli- 
sion rate in the MOT. As studied in [lflj, when a 1075 
nm, 35W, retro-reflected fiber laser beam is focussed on 
the MOT (with a waist of 42 /um at the atoms' position), 
up to 1.2 10 6 metastable atoms with m > accumulate 
in a mixed magnetic plus far-detuned dipole optical trap 
when the OT is on during the cooling stage. However, 
inelastic and Majorana losses in the metastable states 
limit the total number of atoms trapped, as well as the 
peak density. Very few atoms in the S states are trapped 
in the OT while the MOT light is on, presumably be- 
cause light-assisted collisions noticeably limit the lifetime 
of dense clouds of ground-state atoms. 

In Fig [TJ we show two absorption images taken just 
after the MOT lasers are switched off and all metastable 
atoms are repumped to the electronic ground-state. Fig- 
ure Q] (a) clearly features the presence of the dipole trap 
(where the density is highest), surrounded by a halo of 
magnetically trapped atoms. Figure Wijo) is an absorp- 
tion image taken when fast rf-sweeps are continuously 
applied to the atoms while they accumulate in the trap. 
The rf is sent to the atoms using a 8 turn, 8 cm diameter 
coil located 4.5 cm away from the atoms. Its symmetry 
axis is perpendicular to the long axis of the dipole trap. 
In presence of rf, no atom remains in the magnetic trap. 
However, the number of atoms trapped in the OT is ac- 
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FIG. 2: Steady-state atom number in the optical trap as a function of 
minimum (squares) and maximum (triangles) rf frequency in the sweep 
(for a mean rf power of 80 W, and a sweep rate of the rf frequency of 
10 kHz). Lines arc guides for the eye. 



tually increased. The density profiles show that the rf 
produces an increase of the trap volume due to a larger 
extension along the longitudinal axis of the OT, allowing 
for a larger number of atoms to be loaded for a given 
peak central density. Temperature measurements with 
and without rf sweeps give the same temperature (100 
(iK ± 10 /iK), indicating that rf sweeps do not produce 
noticeable heating on the accumulation timescale. We 
also note that the presence of rf does not modify the 
MOT properties. Indeed, the rf Rabi frequency is always 
smaller than the optical pumping rates in the MOT. In 
addition, as the rf frequency is swept, at any given mo- 
ment, only a small fraction of the atoms are resonant 
with the rf. 

We studied how the atoms are trapped in the optical 
trap for different rf sweeps, varying the total power, the 
maximum and minimum frequencies in the sweep, as well 
as the sweep rate. We also varied the sweep shape, and 
found that linear ramps are optimal (either increasing 
or decreasing seesaw ramps) to increase the number of 
trapped atoms. We first found that (for a large enough 
rf power, as discussed below) the most efficient frequency 
span corresponds to sweeping between v m i n =500 kHz or 
below, to v m ax =7 MHz or above (see Fig ([2])). When 
v m i n is below 500 kHz, the atomic signal does not change 
much. Such low frequencies are resonant with atoms close 
to the center of the trap. For these locations, the mag- 
netic field set by the MOT gradient is smaller than the 
rf magnetic field amplitude, so that one cannot use the 
rotating wave approximation to describe the system. For 
the atoms close to B = 0, a rf frequency of 500 kHz is 
blue detuned compared to their Zeeman structure. In 
this regime, it is shown in [15| that atoms are strongly 
coupled to the rf, provided that the Rabi frequency is at 
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FIG. 3: Steady-state atom number in the OT as a function of the 
mean rf power, for rf frequency sweeps between 500 kHz and 7 MHz, at a 
rate of 10 kHz; insert: same, for low rf power, and similar experimental 
conditions. Arrow : typical RF power value above which the adiabatic 
criterion |2j is fulfilled 

least on the order of the rf frequency. In practice, v m in 
is set to 500 kHz for data shown in the rest of this paper. 

On the other hand, the maximal rf frequency in the 
sweep v max is set to be resonant with atoms at the edge 
of the cloud in the dipole trap, so that the rf sequentially 
couples to all atoms in the dipole trap as the frequency 
is scanned. v max is qualitatively given by 

hVmax ~ 9J^BB'ZR (1) 

where gj is the Lande factor, [Lb the Bohr magneton, B' 
the magnetic field gradient (9 G/cm), and zr is the 2.5 
mm Rayleigh length of the trapping laser. This criterion 
gives Vmax > 5 MHz, in qualitative agreement with our 
observation that the signal saturates for v max > 7 MHz. 

We analyzed how the final number of atoms depends 
on the rf power, as shown in Figure [3] The number of 
atoms in the OT first decreases with increasing rf power. 
For such low rf power, the rf sweeps are not adiabatic, 
but the rf field is strong enough to change the magnetic 
sublevel of the atoms during the accumulation timescale: 
positive m states couple to negative m states, which are 
expelled. When the rf power is larger, however, the rf 
sweeps are fully adiabatic, and the rate at which the spin 
states flip, set by the sweep rate, is high enough for the 
magnetic force to be averaged to zero. The net potential 
experienced by the atoms is that of a pure OT. 

Simple arguments give the order of magnitude of the 
rf Rabi angular frequency fl = g,i^BB r f /% needed to 
spin flip all atoms in a single sweep (where B r f is the rf 
magnetic field amplitude). In simple terms, the rf field 
will efficiently couple atoms in a region Ax such that 
gjj-isB' Ax ~ hQ. If the rf sweep amplitude is Av, the 
rf sweep couples to all atoms between x = and x = L 
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FIG. 4: Steady-state atom number in the optical trap as a function 
of the rf frequency sweep rate, for an average rf power of 100 W, with 
Vmin — 500 kHz, and Vmax — 7.5 MHz. Atom numbers arc normalized 
by reference to the OT population with no rf. 

such that gjfiBB'L « hAv. As a consequence, if the 
sweep duration is t$, atoms in the region Aa; feel the rf 
for a duration 4r^ s ' ana - the condition for all atoms to 
be efficiently flipped is ^t.s > 27r/f2, which reads: 




where a is a numerical factor. One therefore recovers 
the usual Landau Zener criterion for adiabatic crossing. 
We solved the time dependent Schrodinger equation for 
the 5 Z>4 state, and find that rf sweeps are fully adiabatic 
when Eq. ^ is fulfilled with a = 4. In our experiment, 
f2 depends on the rf frequency, as the rf coil impedance 
changes with the rf frequency. It is therefore difficult 
to directly compare this criterion to the data plotted in 
Figure [3] As an indication, we nevertheless show by an 
arrow in Figure [3] the value of the rf amplitude above 
which we expect the adiabatic criterion to be fulfilled, 
at the mean rf frequency of 3 MHz. The rf power sent 
to the atoms is calibrated by measuring the induction 
voltage in a small loop located at the center of the rf 
coil. The saturation in the number of trapped atoms is 
clearly achieved when inequality ^ is verified. Then, 
the spin-flip rate is equal to the sweep rate [l6j |. 

We now turn to the question of the minimum necessary 
sweep rate to efficiently average magnetic forces to zero. 
We plot in Figure |4] the steady state atom number after 
accumulation, as a function of the sweep rate. If the 
sweep rate is too small, there are less atoms loaded in 
the trap than without rf. For large enough rf power, 
the atom number increases with the rf sweep rate and 
starts saturating for rates larger than 1 kHz (mind the 
logarithmic scale of Fig. (j4])). 

Qualitatively, we expect that magnetic forces are aver- 
aged to zero if the spin flip rate (given by the sweep rate 
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1 /ts provided the rf coupling f2 is large enough) is large 
compared to the oscillation frequency of a positive mag- 
netic sublevel m in the quadrupole trap. It is difficult to 
give an estimate of the typical oscillation time of atoms 
in the magnetic trap, as this trap is not harmonic. In 
addition, different m states experience different trapping 
strengthes. As a qualitative indication, we note that the 
typical 1/e radius of the pure magnetic trap is 500 /im, 
at a temperature of 100 /iK. Assuming thermal equilib- 
rium, this shows that the average magnetic sublevel m 
is about 2, and the average oscillation time in the mag- 
netic gradient about 10 ms. Therefore, one can expect 
the sweep averaging to be efficient for 1/ts > 1 kHz, in 
good agreement with our observations (see Fig. |4|). 

To summarize, atoms will efficiently be stored in the 
rf-swept trap if: (i) all atoms are spin-flipped at a fast 
rate; (ii) the spin flip rate is higher than the oscillation 
rate of atoms in the pure magnetic trap. Provided these 
conditions are fulfilled, linear sweeps insure that the ef- 
fect of magnetic forces on atoms is averaged out. It is 
possible that other rf sources, such as a white-noise rf 
source, of a rf frequency comb, may be as efficient, or 
even more efficient, to cancel magnetic forces. However, 
power requirements for both these solutions may be much 
more stringent than for the use of linear sweeps, because 
the total rf power is shared between all the rf modes, 
and the Landau-Zener adiabatic criterion for the avoided 
crossings may be harder to fulfill. In our experiment, less 
atoms were accumulated using rf combs than using linear 
sweeps. 

We now turn to the loading dynamics of the rf-swept 
magnetic plus dipole trap. We have performed experi- 
ments where we have accumulated atoms for various du- 
rations. The 1/e loading time is 120 ms, for a steady 
state number of atoms of 2.10 6 atoms, corresponding to 
a loading rate of 1.7.10 7 atoms/s. This large value is 
close to the loading rate of our magnetic trap, reported 
in 12j for similar experimental conditions, with no rf and 



no OT. The situation is nevertheless quite different here, 
first because of the small overlap between the MOT and 
the dipole beam (whose transverse size is smaller than 
the MOT radius), second because the present loading 
scheme traps all m states. 

To understand what sets the loading time in our exper- 
iment, we performed life time measurements. We found 
that the 1 /e lifetime of the cloud in the rf-swept-magnetic 
plus dipole trap is close to the 1/e loading time. This 
rules out inelastic collissions with the MOT as the limit- 
ing factor (in contrast with [13]). This implies that atoms 
in the metastable states are now completely decoupled 
from the MOT, in the sense that they feel neither the 
MOT atoms nor the MOT trapping forces. 

At short time, the decay of atoms in the rf-swept- 
magnetic plus dipole trap is close to the decay of atoms 
in the pure OT. This indicates that the main loss pro- 
cess in our system is not related to rapid spin flipping of 



the atoms. We do observe a difference for larger times, 
though, which may indicate some heating due to the rf 
sweeps. The careful study of this effect is beyond the 
scope of this paper, and will be studied in more detail 
in the near future. Using our previous measurements of 
the elastic cross-section and inelastic loss parameter for 
metastable chromium atoms [l2| , we infer that both free 
evaporation and inelastic losses limit the accumulation 
time. 

In conclusion, we have demonstrated a new technique 
to time-average magnetic forces. Our technique makes 
use of linear rf sweeps to resonantly spin flip all atoms 
in a magnetic field gradient, at a high rate. This proce- 
dure increases the volume of the trap in which metastable 
chromium atoms are accumulated from the MOT. In ad- 
dition, it has the advantage to trap all magnetic sublevels 
in the same trap, despite the presence of a magnetic field 
gradient. 
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A complication arises from the tensor light-shift of the 
metastable states in the dipole trap. Different m states 
experience slightly different dipole potentials [h| • When 
the rf Rabi frequency is higher than the differential light 
shift between adjacent m states, this effect can be ne- 
glected, which is indeed the case in our experiment for 
large enough rf power. 



